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This paper reports on the analysis of microscopic wear mechanisms of copper/carbon/rice bran
ceramics (Cu/C/RBC) composites, which were developed as a new pantograph contact strip material
for the current collector of electric trains, and the proposal of the wear equation of those composites.
Low friction coefﬁcients, of less than 0.15, and relatively low speciﬁc wear rates, of less than
104 mm2/N, were obtained for the Cu/C/RBC composites, when both the mean diameter and the mass
fraction of the rice bran ceramics (RBC) particulate were small. At the opposite compounding ratios, the
contrary results were obtained. According to SEM observation on wear particles and worn surfaces at
low and high wear conditions, different wear modes were observed as follows: ploughing with no
typical wear particle; small cracks and small plastic ﬂow with ﬁne wear particles; large brittle fracture
and severe plastic ﬂow with ﬂake-like-shaped wear particles.
On the basis of the wear mode map of ceramics proposed by Hokkirigawa, the wear mode transition
of the Cu/C/RBC composites is discussed. The wear equation which showed the exponential relationship
between the speciﬁc wear rates and the parameter Sw is proposed. As indicated by this equation, the
Cu/C/RBC composites have low Sw values due to their high fracture toughness and low friction
coefﬁcient resulting in low speciﬁc wear rates.
& 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Given the social demands for more energy conservation and
low costs as well as safety and comfort in recent years, there have
been innovations in various machine systems or machine ele-
ments for electric trains. In order for the current-collecting
system of electric trains (railways collectors) to meet these
demands, further improvement of the wear resistance of the
pantograph contact strips of the railway collectors and a reduc-
tion of aggression to the contact wires is required. Up to now, a
copper/carbon (Cu/C) composite material, which is a sintered
composite of copper and carbon constituted by pitch and coke,
has been widely used as a contact strip material for local electric
trains, especially in Japan, for several decades [1–5]. The Cu/C
composite strip has a higher wear resistance and a lower aggres-
sion to the contact wires than metal-alloy strips. However, this
contact strip is replaced at regular intervals due to wear. Improv-
ing the wear resistance of contact strips can reduce costs by
decreasing the frequency of replacement. Thus, further improve-
ment of their wear resistance is required.. Shibata).
 BY-NC-ND license.For the Cu/C Composites, there were a lot of studies on the
wear properties under electric current, especially with an arc
discharge [2,3,5,6]. Those studies revealed that the wear of the
composites clearly increased with an increase of arc-discharge
energy or arc-discharge rate. Arc discharge occurs when the
contact interface between a contact strip and a contact wire
breaks during running. Because arc discharge with sliding causes
catastrophic damage for both the contact strip and the contact
wire, the wear resistance to arc discharge is important. It is
known that the average frequency of occurrence of arc discharge
during running is about 3% for a super express train (a Shinkan-
sen) and about less than 0.3% for a local line train in Japan [7].
This indicates that the wear resistance under electric current
without arc discharge is also important to reduce a maintenance
cost. There were, however, few reports on the wear resistance
under electric current without arc discharge for the contact strip
materials.
Rice bran (RB) ceramics, which is a hard porous carbon
material made from rice bran, is a recent development [8]. RB
ceramics is manufactured by carbonizing a mixture of defatted
rice bran and phenol resin in nitrogen gas at 900 1C. This ceramics
is composed of soft amorphous carbon corresponding to defatted
rice bran and hard glassy carbon corresponding to phenol resin.
RB ceramics are high-performance and multifunctional materials
having such characteristics as high hardness, high strength, low
K. Shibata et al. / Wear 294–295 (2012) 270–276 271density, porous structure, and low Young’s modulus. RB ceramics
show low friction and low wear under dry conditions [9–17].
Furthermore, RB ceramics (RBC) particulate is available as ﬁller for
tribomaterials such as engineering plastics. RBC particulate shows
an increased amount of capacity to ﬁll with resins than the other
conventional ﬁllers such as solid lubricants and reinforcement
ﬁbers due to low density of the RB ceramics equivalent to resin
materials [18–23]. The resin composites ﬁlled with RBC particu-
late also show superior friction and wear properties. For a solid
lubricant ﬁller such as graphite, molybdenum disulﬁde or poly-
tetraﬂuoroethylene, frictional reduction can be expected, but no
improvement of wear resistance can be expected because of their
layer lattice structure. In the case of reinforcement ﬁber ﬁllers
such as carbon ﬁber or glass ﬁber, improvement of strength can be
expected, but both frictional reduction and improvement of wear
resistance cannot because of pullout of the ﬁbers. The RBC
particulate ﬁller improved the hardness of the resin composites
due to its ﬁne dispersibility and high hardness of 4.4 GPa, thereby
preventing plastic ﬂow of the resin matrix material. Thus, the
resin/RBC composite exhibits lower wear than resin composites
using the other ﬁller materials. Furthermore, the low frictional
properties of the RB ceramics would contribute to the reduction of
friction of the resin/RBC composites. This indicates that the RBC
particulate would be an available hybrid ﬁller which could provide
with both low friction and high wear resistance in parallel.
On the basis of the above considerations, the authors have
recently developed copper/carbon/rice bran ceramics (Cu/C/RBC)
composite materials [24–26]. The Cu/C/RBC composites are pre-
pared by sintering copper, carbon and RBC particulates. The
authors also investigated the friction and wear properties under
several sliding conditions, and observed that the Cu/C/RBC com-
posite exhibited more than 50 times higher wear resistance than
the Cu/C composite, especially under electric current without arc
discharge when the mean diameter and the mass fraction of the
RBC particulate were 4.9 mm and 5 mass%, respectively. However,
the mechanism of signiﬁcant wear resistance improvement by the
RBC particulate ﬁlling remains unclear, and it would be necessary
to elucidate the mechanism to achieve further development using
the RBC particulate.
In order to investigate superiority on the wear resistance of the
Cu/C/RBC composite materials in this paper, the authors analyzed
the microscopic wear mechanism of those materials, andTable 1
Compounding ratios.
Sample number A B
Composite Cu/C/RBC
Mean diameter of RBC particulate dm, mm 4.9
Mass fraction RBC a, mass% 5 10
Carbon b , mass% 35 30
Copper g , mass% 60
Table 2
Mechanical properties of composites.
Sample number A B C
Composite Cu/C/RBC
Mean diameter of RBC particulate dm, mm 4.9 30.2
Mass fraction of RBC a, mass% 5 10 5
Density r, Mg/m3 3.6 3.5 3.6
Bending strength sB, MPa 106 88 107
Young’s modulus E, GPa 14.0 12.7 14.2
Fracture toughness KIc, MPa m
1/2 1.95 2.04 2.06
Surface roughness Ra, mm 0.08 0.11 0.09proposed a wear equation which could predict the speciﬁc wear
rates of those materials.2. Experimental procedure
2.1. Material preparation
RBC particulate was prepared by carbonizing a mixture of
defatted rice bran and phenol resin at 900 1C in an atmosphere of
nitrogen. Compounds of copper, carbon constituted by pitch and
coke and the RBC particulates were formed into a block shape.
Table 1 shows the compounding ratios of the Cu/C/RBC composites
and the Cu/C composite. The mass fraction of copper was ﬁxed at
60 mass% for all composites. The mass fraction of the RBC particu-
late ranged from 5 mass% to 20 mass%. Carbon particulate
accounted for the remaining materials. Three mean diameters of
RBC particulate were used: 4.9, 30.1 and 82.8 mm. The formed
block was sintered in an inert gas at below 1000 1C. The sintered
blocks were cut into a plate shape (50 mm50 mm10 mm).
Thus, eight kinds of Cu/C/RBC composite plate were prepared in
total. Sample I in Table 1 represents the Cu/C composite, in which
RBC particulate is not compounded.
Table 2 shows the mechanical properties of the Cu/C/RBC
composites and the Cu/C composite. As shown in Table 2, the
greater the mass fraction of the RBC particulate, the lower the
density, the bending strength and the Young’s modulus become.
With respect to the fracture toughness, the Cu/C/RBC composites
containing small RBC particulate diameter and quantity demon-
strated higher values than the Cu/C composite. It is considered
that the use of a suitable RBC particulate ﬁlling would relate to
the crack propagation on the carbon/RBC ceramics parts. On the
other hand, the rest of the Cu/C/RBC composites showed lower
values compared with the Cu/C composite. This indicated that
large sizes and large amounts of the RBC particulate made the
composites brittle. The test surfaces of the plate specimens were
ﬁnished by polishing, resulting in a surface roughness, Ra, of
around 0.10 mm. Because samples E and H in Table 2 could not be
polished due to their large pores, their surface roughnesses were
1.72 and 1.83 mm, respectively: 30.2 mm and 20 mass% of the RBC
particulate, and 82.8 mm and 20 mass%.C D E F G H I
Cu/C
30.2 82.8 
5 10 20 5 10 20 
35 30 20 35 30 20 40
60
D E F G H I
Cu/C
82.8 –
10 20 5 10 20 –
3.5 3.0 3.4 3.3 2.8 3.5
95 19 91 54 16 108
13.0 4.0 12.2 9.2 3.3 13.7
2.15 0.75 2.19 1.56 0.53 1.85
0.09 1.72 0.13 0.24 1.83 0.07
Table 3
Experimental conditions.
Radius of curvature of
diamond pin R, mm
0.20 0.20 0.20 0.20 0.10 0.10 0.10 0.05
Normal load W, N 0.1 1.0 4.0 8.0 4.0 6.0 10.0 4.0
Sliding velocity v, mm/s 0.1
Sliding distance L, mm 10
Number of passages N, cycles 1
Lubrication condition Dry
0.20
0.15
Pin specimen : Diamond ( R = 0.2 mm)
Plate specimen : Cu/C/RBC composite (d = 4.9 μm, α = 5 mass%)
Normal load : W = 1 N      
Sliding velocity : v = 0.1 mm/s
Sliding distance : L = 10 mm
Lubrication condition : Dry
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Fig. 1 shows the pin-on-plate friction test apparatus (type:
mV1000, Trinity Lab. Inc., Tokyo, Japan) that was used in the tests.
The apparatus consisted of a moving stage, an arm with a pin
holder and a controller. A plate specimen was attached to the
underlying stage. A pin specimen was ﬁxed to the upper arm with
a pin holder. The stage moved linearly and perpendicularly
against the arm. A series of diamond pin specimens were used,
with radii of curvature of 0.05, 0.10 and 0.20 mm. The Cu/C/RBC
composites and the Cu/C composite were used as a plate
specimen.
Table 3 shows the experimental conditions. Each test was
conducted at a constant normal load. To vary the Hertzian
maximum contact pressure, eight kinds of combinations of the
normal load and the radius of curvature of the diamond pin were
selected as shown in Table 3. Thus, the Hertzian maximum
pressure varied from 0.19 MPa to 4.15 MPa. The sliding velocity
was 0.1 mm/s. The number of passages was 1 cycle, and the
sliding distance was 10 mm. The friction tests were conducted
under dry conditions. A friction coefﬁcient was calculated based
on the friction force, measured with a load cell coupled to the pin
specimen holder. The wear volume and speciﬁc wear rate of each
plate specimen was calculated based on the cross-sectional area
of the wear track, measured with a proﬁlometer.0 2 4 6 8 10
Sliding distance L, mm
Fig. 2. Representative relationship between friction force and sliding distance.
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Fig. 3. Relationship between friction coefﬁcient and Hertzian maximum contact
pressure.3. Results and discussion
3.1. Effect of contact pressure on friction and wear
Fig. 2 shows the representative relationship between the
friction force and the sliding distance. These data indicate that
the ﬂuctuation of the friction force was relatively large. Because of
this ﬂuctuation, a friction coefﬁcient was determined by aver-
aging the friction force between 2 mm and 10 mm of the sliding
distance, i.e. during the period of steady sliding velocity.
Fig. 3 shows the relationship between the friction coefﬁcient
and the Hertzian maximum contact pressure. These data indicate
that the friction coefﬁcients for all the composites increase with
increasing Hertzian maximum contact pressure. The friction
coefﬁcient for the Cu/C/RBC composites decreases with reduction
in both the mean diameter and mass fraction of the RBC
particulate. Additionally, incremental values in the friction coefﬁ-
cient against the Hertzian maximum contact pressure decrease
with decreasing mean diameter and mass fraction of the RBC
particulate. Especially, at over 3.0 GPa, the Cu/C/RBC composites
displayed further reduced values of friction coefﬁcients compared
to the Cu/C composite when the mean diameter and the mass
fraction of the RBC particulate were 4.9 mm or 30.2 mm and
5 mass%, respectively.Diamond pin specimenController
(R = 0.05, 0.1, 0.2 mm)
Stage Plate
specimen
Weight
(W = 0.1–10 N)
Moving direction (v = 0.1 mm/s)
Fig. 1. Pin-on-plate friction test apparatus.
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the plate specimens and the Hertzian maximum contact pressure.
It can be seen that the speciﬁc wear rates of all the composites
increase with increasing Hertzian maximum contact pressure. The
Cu/C/RBC composites with three different compounding ratios
exhibit much higher values of speciﬁc wear rate than other
composites: 82.8 mm of the mean diameter and 20 mass% of the
mass fraction of RBC particulate, 30.2 mm and 20 mass%, and
82.8 mm and 10mass%. On the other hand, the Cu/C/RBC compo-
sites displayed lower values of speciﬁc wear rate than the Cu/C
composite at over 3.0 GPa of high Hertzian maximum contact
pressure when the mean diameter and the mass fraction of the RBC
particulate were 4.9 mm or 30.2 mm and 5 mass%, respectively.
3.2. SEM observation of worn surface
Scanning electron microscopy (SEM) images of the wear
particles and worn surfaces of the Cu/C/RBC and Cu/C compositesCu/C d = 4.9,
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Fig. 4. Relationship between speciﬁc wear rate of plate specimen and Hertzian
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Fig. 5. SEM images of wear particles and worn surfaces with surface proﬁles at relat
Pmax¼3.5 GPa; (b) Cu/C composite at pmax¼2.9 GPa.at relatively low wear conditions are shown in Figs. 5 and 6. Fig. 5
(a) and (b) show wear particles and worn surfaces of the Cu/C/RBC
and Cu/C composites at low wear conditions: the surface proﬁles
are also shown. For both composites, mild plastic ﬂow on the
copper parts and small brittle fractures on the carbon/RB ceramics
parts or the carbon parts were observed. Both cracks and smooth
worn surfaces were seen on the carbon/RB ceramics parts. The
values of speciﬁc wear rate were relatively low, at less than
104 mm2/N. The observed wear particles for both composites
were ﬁne, being a few micrometers in size.
Fig. 6 (a) and (b) show the wear particles and worn surfaces of
the Cu/C/RBC and Cu/C composites at high wear conditions: the
surface proﬁles are also shown. For both composites, severe plastic
ﬂow on the copper parts and large brittle fractures on the carbon/RB
ceramics parts or the carbon parts were observed. Due to this
extensive damage, severe wear occurred, and the values of the
speciﬁc wear rate were high more than 104 mm2/N. Additionally,
the observed wear particles show a ﬂake-like shape, and their sizes
are much coarser, at dozens of micrometers, compared with Fig. 5.
3.3. Wear mechanism of Cu/C/RBC composites
On the basis of the in-situ observation of wear processes in a SEM,
Hokkirigawa classiﬁed the mechanical wear mechanisms for cera-
mics into three microscopic wear modes: ﬂake formation, powder
formation and ploughing [27,28]. In the ﬁrst wear mode, large ﬂake-
like wear particles are formed by the propagation of surface cracks at
the Hertzian contact area. In the second wear mode, small powder-
like wear particles are formed by the propagation of surface cracks at
the real contact area. In the ploughing mode, no typical wear particle
is formed. The conditions for the occurrence of each wear mode were
analyzed theoretically using linear fracture mechanics. Additionally,
a wear mode map for ceramics was introduced by using the
dimensionless parameter, Sc, and the friction coefﬁcient, m. The
parameter Sc, which indicated the severity of contact, is expressed
as the following equations:
Sc ¼
Pmax  Rmax1=2
KIc
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Fig. 6. SEM images of wear particles and worn surfaces with surface proﬁles at high wear conditions: (a) Cu/C/RBC composite (dm¼30.2 mm, a¼20 mass%) at
Pmax¼0.9 GPa; (b) Cu/C composite at Pmax¼4.1 GPa with surface proﬁles.
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maximum surface roughness [m], and KIc is the fracture toughness
[Pa m1/2]. By using the parameter Sc, wear mode can be classiﬁed as
follows:
ScZ
7
1þ10m : f lake f ormation, ð2Þ
Sco
7
1þ10m : powder f ormation or ploughing, ð3Þ
where m is the friction coefﬁcient.
Fig. 7 shows the wear mode map of the Cu/C/RBC and the Cu/C
composites. It can be seen that the values of the speciﬁc wear rate in
the region of ﬂake formation were higher, at more than 104 mm2/
N. Graph markers corresponding to the SEM images in Fig. 5 (a),
(b) and Fig. 6 (a), (b) were plotted on the wear mode map of the
regions of ﬂake formation, powder formation or ploughing, respec-
tively. In this way, the SEM observations of wear particles and wear
modes clearly correspond with the wear mode map. Thus, the wearmode map provides a good estimate of the transition of wear modes
for each composite from mild wear accompanied with powder
formation or ploughing to severe wear accompanied with large
brittle fracture of carbon/RB ceramics or carbon parts.
3.4. Proposal of predictive equation of wear for Cu/C/RBC composites
In order to evaluate the severity of wear, a dimensionless
parameters, Sw, was proposed as a dominant parameter of wear
transition. The parameter Sw was a ratio between the Sc value at the
friction coefﬁcient and a critical Sc value, Sc,critical, which indicated
the transition point to large brittle fracture at that friction coefﬁ-
cient. The parameter Sw was expressed as the following equation:
Sw ¼
Sc
Sc,critical
¼ Pmax  R
1=2
max
K Ic
 !
 1þ10m
7
 
ð4Þ
When the Sw value is greater than 1.0, the wear mode of general
ceramics is determined as ﬂake formation with large brittle
fracture. From the data given in Fig.5, Sw ranged from 0.4–0.5,
indicating wear modes of powder formation or ploughing. On the
other hand in Fig. 6, Sw values ranged from 1.3–1.4, indicating wear
mode of ﬂake formation.
Fig. 8 shows the relationship between the speciﬁc wear rate and
the parameter Sw. It can be seen that the speciﬁc wear rates of the
Cu/C/RBC and the Cu/C composites increase logarithmically with a
logarithmic increase of the Sw value. When the Sw value is greater
than 1.0, the speciﬁc wear rate value is higher, at more than
104 mm2/N. In contrast, that decreasing the parameter Sw dras-
tically reduces the wear of the Cu/C/RBC and the Cu/C composites.
As indicated in Fig. 8, the speciﬁc wear rate exhibits an exponential
relationship with the parameter Sw expressed as follows:
ws 1:1 104  S1:73w , ð5Þ
where ws is the speciﬁc wear rate of the plate specimen [mm2/N].
Thus, by substituting Eq. (4) into Eq. (5), the following was
obtained.
ws 3:8 106  P1:73max  R0:86max  K1:73Ic  ð1þ10mÞ1:73 ð6Þ
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Fig. 8. Relationship between speciﬁc wear rate and parameter Sw.
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by reducing the Hertzian maximum contact pressure, by reducing
the maximum surface roughness, by increasing the fracture
toughness or by reducing the friction coefﬁcient. The Cu/C/RBC
composites with two different compounding ratios had higher
values of fracture toughness than the Cu/C composite as shown in
Table 2: 4.9 mm or 30.2 mm mean diameter and 5 mass% of the
mass fraction of the RBC particulate. Therefore these RBC parti-
culates would prevent crack propagation on the carbon parts in
the sliding surface. Moreover, the friction coefﬁcients for these
Cu/C/RBC composites had lower values than those for the Cu/C
composite. This low friction effect due to the RBC particulate
would result in low shear stresses around any cracks on the
carbon parts. The result of combining the RBC particulate was a
reduction in the speciﬁc wear rates, as indicated in Eq. (6).4. Conclusions(1) The friction coefﬁcient for the Cu/C/RBC composites decreased
with decreases in both the mean diameter and the mass
fraction of the RBC particulate. At a Hertzian maximum
contact pressure of over 3.0 GPa, the Cu/C/RBC composites
displayed lower friction coefﬁcient values than the Cu/C
composite when the mean diameter and the mass fraction
of the RBC particulate were 4.9 mm or 30.2 mm and 5 mass%,
respectively.(2) The Cu/C/RBC composites with two different compounding
ratios displayed lower values of speciﬁc wear rate than the
Cu/C composite at high Hertzian maximum contact pressure:
4.9 mm or 30.2 mm mean diameter and 5 mass% of the mass
fraction of the RBC particulate.(3) According to SEM observation of worn surfaces and wear
particles, contrasting differences between low- and high-wear
conditions were observed: mild plastic ﬂow on copper parts,
small brittle fracture on carbon/RB ceramics parts or carbon
parts and ﬁne wear particles, a few micrometers in size, at
low wear conditions; severe plastic ﬂow on copper parts,
large brittle fracture on carbon/RB ceramics parts or carbon
parts, ﬂake-like-shaped wear particles measuring dozens of
micrometers at high wear conditions.(4) SEM observation and analysis using a wear mode map revealed
that large brittle fracture on carbon/RB ceramics or carbon
parts caused the signiﬁcant increase of speciﬁc wear rate.(5) The equation for wear prediction of the Cu/C/RBC composites,
which is expressed by an exponential relationship betweenthe speciﬁc wear rates and the parameter Sw, was proposed.
Because the Cu/C/RBC composites had lower value of para-
meter Sw than the Cu/C composite due to their higher values
of fracture toughness and lower values of friction coefﬁcient,
the Cu/C/RBC composites demonstrated low values of speciﬁc
wear rate.Acknowledgments
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